Zn(OTf)2-mediated annulations of N-propargylated tetrahydrocarbolines: divergent synthesis of four distinct alkaloidal scaff olds A programmable divergent synthesis of four distinct alkaloidal scaff olds was implemented by Zn(OTf)2-mediated intramolecular annulations between indole C2/C3 positions and the internal/distal alkynyl carbons as well as an unexpected α-alkenylation of a carbonyl group. Use of the artifi cial force induced reaction method (AFIR) in the global reaction route mapping strategy provided insights into the Zn(OTf)2-mediated hydroarylations and the associated intriguing solvent eff ects of t-BuOH facilitating protodezincation process without a Brønsted acid activator under neutral conditions.
Introduction
The activation of alkynes with transition metal mediators used as "p-acids" enables efficient carbon-carbon or carbonheteroatom bond-forming reactions. Whilst various metal catalysts have been reported for the hydroarylation of alkynes, 1 synthetic approaches employing zinc(II) reagents for the activation of alkynes currently remain very limited. 2 Herein we report Zn(OTf) 2 -mediated divergent cyclizations of N-propargylated tetrahydrocarbolines 1 towards programmable synthesis of the four distinct skeletons 2-5, reminiscent of naturally occurring indole alkaloids ( Fig. 1a and b) . This study provides rare examples of the activation of alkynes with zinc(II) reagents in protic solvent (t-BuOH) under almost neutral conditions without Brønsted acid promoters. Exploiting the articial force induced reaction (AFIR) method in the global reaction route mapping strategy (GRRM), 3 we postulated that participation of t-BuOH as a proton donor dramatically facilitates the protodezincation process to promote the zinc(II)-mediated hydroarylations. Furthermore, divergent annulations to access the four scaffolds 2-5 were systematically implemented via appropriate choices of the substituents on 1, as well as the solvent and reaction conditions.
We incidentally discovered the zinc(II)-mediated ringexpansion reactions of N-propargylated tetrahydrocarbolines involving intramolecular hydroarylation of alkynes during the course of our synthetic studies on terpene indole alkaloids.
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Since the hetero-conjugate addition of 6 to methyl propiolate and subsequent Hofmann elimination via the resulting zwitterionic intermediate smoothly proceeded at room temperature to generate 7, 4a we originally aimed to conduct essentially the same conversion employing N-propargylated tetrahydrocarboline 1a in place of 6 to afford 7 (Fig. 2a) . Contrary to the smooth conversion of 6 (a b-amino acid substructure), the corresponding transformation with the sterically more congested 1a bearing an a, a-disubstituted amino acid moiety resulted in no reaction. To facilitate the initial hetero-conjugate addition of 1a to methyl propiolate, ZnBr 2 was added as an oxophilic Lewis acid that could activate methyl propiolate through coordination to the ester moiety. Although we failed to achieve the intended conversion leading to 7, this attempt led to the unexpected discovery of Zn(II)-mediated ring expansion reactions to forge azepino [4,5-b] indole 8 and azocino [5,4-b] indole 9 scaffolds in modest yields (Fig. 2b) . We anticipated that the seven and eightmembered rings 2a and 4a could be formed via hydroarylation reactions between the indole C2 position and either the internal or terminal carbon of the alkyne with hydrolytic release of the methyl pyruvate unit. Subsequent hetero-conjugate additions of the resulting secondary amines 2a and 4a to methyl propiolate would yield 8 and 9, respectively.
As a pioneering example of intramolecular hydroarylation employing an indole group, Echavarren reported both cationic Au(I)-catalyzed 7-exo-dig (10 / 11) and Au(III)-catalyzed 8-endodig (10 / 12) cyclizations (Fig. 3) . 5 Van der Eycken devised a regio-controlled annulation (13 / 14) employing cationic Au(I) catalyst to construct the functionalized azocino [5,4-b] indole scaffold.
6 Recently, Wang and co-workers reported Au(I)-catalyzed cyclizations of 15 having either an internal or terminal alkyne to form azocino [5,4-b] 9 and other metal promoters.
10 Given the advantages of zinc reagents (e.g., their abundance, low cost, low toxicity, biological relevance, distinct catalytic abilities, and functional group tolerance), zinc-mediated reactions could provide a sustainable and environmentally benign alternative to the use of more expensive or toxic transition metals.
Results and discussion

Screening of Zn(II)-mediated cyclizations
Intrigued by the unexpected nding shown in Fig. 2b , zinc reagents and solvents were screened to improve the ringexpansion reaction of 1a to form 2a (Table 1) . The combination of Zn(OTf) 2 in t-BuOH appeared to be optimal. The cyclizations mediated by ZnCl 2 , ZnBr 2 , ZnI 2 , and Zn(OAc) 2 resulted in poor or moderate conversions (entries 1-4). Other zinc(II) salts composed of counter anions with highly electronwithdrawing properties, such as Zn(NTf 2 ) 2 and Zn(NO 3 ) 2 , were slightly less effective compared to Zn(OTf) 2 (entries 5-7).
The Zn(OTf) 2 -mediated hydroarylation of 1a was greatly affected by the reaction solvent. The use of polar aprotic solvents such as acetonitrile and tetrahydrofuran resulted in decreased yields of 2a (entries 8-9). In contrast, use of the sterically demanding alcoholic solvent t-BuOH dramatically increased the reaction rate (entry 7). The substrate 1a was completely consumed within 1 hour to afford 2a in 76% yield as the major product along with formation of byproducts 3a (13%) and 4a (6%) bearing spirocyclic and azocino [5,4-b] indole scaffolds, respectively. The use of methanol, ethanol, DMF, or DMSO as solvent resulted in poor conversions.
Zn(OTf) 2 -mediated cyclization of substrate 1a
Based on the above screening results, we performed Zn(OTf) 2 -mediated cyclizations under the optimized conditions employing t-BuOH as a solvent in the presence of MS4A (Fig. 4) . The use of molecular sieves allowed consistent reproduction of the experimental results, since Zn(OTf) 2 -mediated conversions in tBuOH were noticeably affected by trace amounts of water. Due to the practical difficulty of isolating 2a, isolated yields of the products were reported aer benzenesulfonylation of the resultant secondary amino group of 2a, in which the major product 2b (67%), along with 4b (6%) and 3a (6%), were obtained via 7-exo, 8-endo ring-expansion reactions and spirocyclization, respectively. In this paper, we adopted terms, such as 6-exo, 7-exo, and 8-endo, for indication of the formal cyclization modes regardless of the actual reaction mechanisms.
Mechanistic insights into Zn(OTf) 2 -mediated hydroarylation
We performed DFT calculations to gain mechanistic insights into the Zn(OTf) 2 -mediated cyclizations. Stable and transition state (TS) structures were systematically identied using the articial force induced reaction (AFIR) method implemented in the GRRM program.
3,11,12 All structures were optimized at the uB97X-D/Def2-SVP level of theory and the solvent effects of tBuOH were evaluated by the solvation model based on density (SMD) method. We will discuss the initial exo-/endo-cyclization of 1a (Fig. 5) : the exo-cyclization affords either 2a or 3a, whereas endo-cyclization gives 4a. The propargyl group in 1a coordinates to Zn(OTf) 2 to form the pre-reaction complex IM0. A systematic TS structure search identied TS1-i and TS1-ii as the lowest TS structures for the exo-and endo-cyclizations, respectively.
In these TS structures, one of the alkynyl-carbon atoms bridges the indole C2 and C3 atoms. Fig. 5 shows that exocyclization via TS1-i is kinetically preferred over endo-cyclization via TS1-ii. Our search of the TS structures identied 24 TSs for the exo-cyclization and 34 TSs for the endo-cyclization reactions (see ESI, Fig. S2 †) . The Boltzmann distribution of these 58 TSs suggests that the ratio between the number of molecules that undergo exo-and endo-cyclization is 80.1 : 19.9. Indeed, 4a was a minor product in our experiment.
In this study, we focused on the fate of molecules that undergo the kinetically preferred exo-cyclization reaction. As illustrated in Fig. 6 , an intrinsic reaction coordinate (IRC) calculation from TS1-i provided IM1 and IM2 as the two endpoints. IM2 can isomerize to IM1 through the relatively low barrier TS2. IM3-ii is then generated through a C-C bond scission and subsequent solvent coordination. IM3-ii could be a resting state, since it has the lowest energy of any structure along this path. IM3-ii undergoes protodezincation to yield IM4 and t-BuO À -[Zn II ]. IM4 is expected to be hydrolyzed to 2a in the workup procedure.
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The process which converts IM2 to 3a requires t-BuO
released in the protodezincation processes. The t-BuO À part of
] abstracts a proton from the indole N-H moiety. Then, solvent coordination and subsequent protodezincation afford 3a. Notably, all obtained paths not involving t-BuO [Zn II ] possess much higher barriers than this path, as shown in Fig. S5 (ESI †) .
It was previously suggested that dynamical path bifurcation occurs in the exo-/endo-cyclization step of 1a when the process is catalyzed by an Au catalyst, 7 and thus we searched for the valleyridge transition (VRT) point 14 along the IRC path from TS1. As shown in Fig. S6 (ESI †), the VRT point was identied, indicating that dynamical path bifurcation indeed occurs in the present system. In other words, the elementary process through TS1 may give not only IM2, but also a certain ratio of IM1, although quantitative determination of this ratio through extensive MD simulations is beyond the scope of this study.
We conducted a kinetic simulation to illustrate the time evolution of the population of each species, with the initial population comprising exclusively IM2. The rate equations shown in ESI † were solved numerically, and the time evolution of the population of each species in 1 hour was computed. Details of this simulation are described in ESI. † Fig. 7 shows the time evolution of the population of intermediates and products. The initial population (IM2) decreases within 1 ms, and simultaneously, the population of IM3-ii increases. As mentioned above, IM3-ii is a resting state and is dominant until around 100 s. Finally, the populations of IM4 and 3a increase gradually until 3600 s, to a nal ratio of IM4 : 3a ¼ 84 : 8, consistent with the experimental yields of 2a (76%; formed from IM4) and 3a (13%), respectively. Au(I)/Au(III)-catalyzed hydroarylations of alkynes oen necessitate a Brønsted acid activator such as methanesulfonic acid (Fig. 3) .
7 In sharp contrast, reaction conditions employing the unique combination of Zn(OTf) 2 and t-BuOH signicantly accelerated the intramolecular cyclizations, facilitating the corresponding protodemetallation process under almost neutral conditions. Based on this calculation, the corresponding protodezincation reaction (IM3-ii / IM4) has been demonstrated to have the largest activation energy and thus is the rate-determining step. This computational analysis offers hitherto unmarked mechanistic insights into the participation of t-BuOH in Zn(II)-mediated hydroarylation reactions via transition states (TS4 and TS5) and may provide a rational explanation for our experimental ndings of the intriguing solvent effects resulting in substantial rate accelerations.
We veried the involvement of the cationic species IM3-ii, a putative resting state, in the reaction pathway leading to 2a by conducting the Zn(OTf) 2 -mediated ring-expansion reaction in the presence of Et 3 SiH (Fig. 8 ). This attempt resulted in the isolation of the corresponding product 2d (13% yield) via reduction of the iminium cation corresponding to IM3-ii along with 2b (67%). Despite the modest yield of 2d, this experimental result is consistent with the proposed mechanism.
Zn(OTf) 2 -mediated annulations with distinct substrates Next, the substrates were modied (Fig. 9 ) not only to explore the scope of potential substrates but also to change the annulation modes for gaining divergent access to distinct skeletons. To this end, we designed and synthesized substrate 1b, which bears a benzyl amide group in place of the methyl ester substituent of 1a. Zn(OTf) 2 -mediated cyclization of 1b at 60 C in t-BuOH furnished 3b with a quaternary carbon center via 6-exo dearomatizing spirocyclization in 60% yield as the major product. This reaction is in sharp contrast to the conversion of substrate 1a to 2b via 7-exo cyclization shown in Fig. 4 . Annulations of 1c possessing a gem-dimethyl moiety resulted in the formation of approximately equimolar amounts of 2b (44%) and 3c (44%). The relative stereochemistries of the spirocyclic products 3a-c were determined based on either NOE or X-ray analysis ( Fig. 9 ).
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The Zn(OTf) 2 -mediated annulation of 1c provided a 3c : 2a product ratio that reversed over time (Fig. S1 , see, ESI †). The spirocyclic product 3c was the major product at the beginning of the reaction but decreased with time as the yield of 2a gradually increased and eventually exceeded that of 3c aer approximately 80 h.
Zn(OTf) 2 -mediated conversion of spiroindole 3 to the azepino [4,5-b] indole scaffold 2 Given these experimental results, we hypothesized that the Zn(OTf) 2 -mediated hydroarylations of 1a-c likely involve the kinetically-controlled formation of spirocyclic products (3a-c) and subsequent rearrangement of the alkenyl group concomitant with fragmentation leading to azepino [4,5-b] indole 2a as a thermodynamic product. In fact, treatment of 3c with Zn(OTf) 2 at elevated temperature (100 C) in 2-BuOH resulted in the expected efficient conversion of 3c into 2a, and subsequent benzenesulfonylation of the resulting 2a afforded 2b in high yield (93%) (Fig. 10 ). This experimental result clearly indicated the conversion of 3c to 2a under high temperature conditions. Based on these experimental ndings, we propose the reaction mechanism shown in Fig. 10 . Activation of an imine group by Zn(OTf) 2 could facilitate an alkenyl shi from the C3 to the C2 position to generate a tertiary cation at the benzylic C3 position (IM6 / IM7). Retro-Mannich-type reaction of the tertiary cation IM7 would entail ring-cleavage and formation of iminium cation intermediate IM8 and regeneration of the indole system. Hydrolysis of the resulting iminium cation IM8 would liberate secondary amine 2a and acetone, followed by sulfonylation of 2a to provide 2b. It is worth noting that to our knowledge, there is no previous report of the unexpected and highly efficient conversion of spiroindole 3 to the azepino [4,5-b] indole scaffold 2 upon the activation with Lewis acid promoters, whilst the Au(I)/Au(III)-catalyzed related intramolecular hydroarylations of indole and alkyne linear substrates have been reported.
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A similar conversion of the spirocycle 3a bearing a methylester group proceeded, presumably via an alkenyl shi followed by ring-cleavage, to afford 2b in 45% isolated yield aer sulfonylation of the resultant 2a. In contrast, the reaction of 3b, which bears a benzyl amide group, resulted in poor conversion to form 2b in 6% yield over two steps and recovery of the substrate 3b (55%). These experimental results imply that the substituent (R 1 : Me, CO 2 Me, and CONHBn) in the vicinity of the bridgehead aliphatic nitrogen can greatly inuence the migration ability of the alkenyl group for the spirocyclic substrates 3a-c, thereby changing the product distribution between the azepino[4,5-b]indole 2 and spirocyclic 3 scaffolds. 
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Attempts to control product distribution by the choice of reaction solvent
We changed the reaction solvent in an attempt to improve the selectivities of the Zn(OTf) 2 -mediated cyclizations of 1c leading to 2a and 3c (Table 2) . Use of either a secondary alcohol (2-BuOH/i-PrOH) or ethanol instead of t-BuOH provided the spirocyclic product 3c as the major product (entries 1-4), whereas the use of methanol substantially impeded the conversion (entry 5). In contrast, the use of polar aprotic solvents, such as acetonitrile or THF, enabled preferential formation of 2a as the major product in good yield (entries 6 and 7). Thus, appropriate choice of the reaction solvent allowed the divergent synthesis of azepino [4,5-b] indole 2a and spirocycle 3c in practical yields. The Zn(OTf) 2 -mediated conversion of substrates 1a-c bearing a terminal alkyne was accompanied by the competing formation of azocino [5,4-b] indole scaffold 4a, giving the corresponding 4a and 4b in less than 10% yield.
Regio-controlled hydroarylation to form the azocino [5,4-b] indole scaffold
Whilst formation of the azocino [5,4-b] indole scaffold 4a was a minor pathway for substrates 1a-c bearing a terminal alkyne, changing the terminal alkyne into an internal alkyne (1a / 1d) reversed the cyclization mode to afford 4c as the major product via 8-endo-dig mode with loss of a methyl pyruvate unit (Fig. 11) . Subsequent acetylation afforded crystalline 4d in 56% yield (2 steps), and the structure of 4d was unambiguously conrmed by X-ray analysis. Similarly, Zn(OTf) 2 -mediated 8-endo cyclization of 1e, followed by acetylation, provided 4d in good yield (91% over 2 steps).
Substrate design for 7-endo cyclization and the unexpected a-alkenylation of a carbonyl group
We integrated the computational and experimental insights obtained throughout this study to investigate the remaining 7-endo cyclization between the indole C3 position and the distal alkynyl carbon to construct the spirocyclic scaffold 5 (Fig. 1b) .
To this end, we designed the new substrate 1f possessing both an amide moiety and an a-proton at the carbonyl group (Fig. 12a) . We anticipated that kinetically-favored spirocyclization at the indole C3 position would form the iminium cation IM9 stabilized by hydrogen bonding between the bridgehead nitrogen and the amide N-H proton. More importantly, installation of an a-proton would facilitate conversion of the iminium cation into the relatively stable enamine (IM9 / IM10) by preventing the competitive alkenyl shi to form intermediate IM11 for the 8-endo cyclization, which leads to undesired product 4c via IM12.
Contrary to expectation, Zn(OTf) 2 -mediated cyclization of 1f in 2-BuOH did not afford the desired 7-endo product 5f; rather, the 8-endo product 4d was obtained in 61% yield aer acetylation (Fig. 12b) . Nonetheless, changing the solvent from 2-BuOH to 1,2-dichloroethane led to unanticipated results. Treatment of 1f in 1,2-dichloroethane at 100 C enabled the intriguing Zn(OTf) 2 -mediated a-alkenylation of the carbonyl group to afford the tetracyclic scaffold 18 containing a quaternary carbon center and a trisubstituted alkene, albeit in 14% yield.
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Presumably, replacement of the protic solvent (2-BuOH) with the hydrophobic solvent (1,2-dichloroethane) played a crucial role in facilitating Zn(OTf) 2 -mediated enolization and a-alkenylation reactions which led to 18. Thus, three distinct modes of intramolecular hydroarylations between the indole C2/C3 positions and the internal/distal alkenyl carbons, as well as the unexpected a-alkenylation of the carbonyl group, were systematically realized by employing Zn(OTf) 2 as a versatile "pacid" mediator. A divergent synthetic process was developed in a programmable manner by the rational choice of substituents in the vicinity of the reaction sites, as well as of the solvents and reaction conditions.
Experimental section
All reactions were performed under a nitrogen atmosphere unless otherwise noted. Microwave reactions were performed using a Biotage® Initiator. Reactions were monitored by thin layer chromatography using Merck Millipore TLC Silica gel F254 plates (0.25 mm), which were visualized using UV light, phosphomolybdic acid (PMA) stain, PMS stain and p-anisaldehyde stain. Flash column chromatography was performed using Kanto Silica Gel 60N and Wako Alumina, Activated. The medium pressure liquid chromatography (MPLC) purications were performed on a YAMAZEN YFLC-AI-580 and Biotage® Isolera. NMR spectra were recorded on JEOL ECA 500 (  1 H/ chemical shi (number of hydrogen, multiplicity, coupling constant). Multiplicity was abbreviated as follows: s (singlet), d (doublet), t (triplet), q (quartet), quin (quintet), m (multiplet), br (broad). ESI-Mass spectra were recorded on Bruker Daltonics microTOF-QII.
Materials
Solvents used for the Zn(OTf) 2 -promoted reaction were dried and stored over activated molecular sieves 4A. Zn(OTf) 2 was purchased from Tokyo Chemical Industry Co., Ltd. (TCI) and used as received. The substrates 1a-f were prepared from commercially available tryptamine hydrochloride (see ESI †).
General procedure for Zn(OTf) 2 -promoted reaction of Npropargylated tetrahydrocarbolines 1
All reactions were carried out using 1.00 mmol of 1. A solution (0.2 M) of Zn(OTf) 2 in t-BuOH was prepared prior to use as follows. Zn(OTf) 2 (436 mg, 1.20 mmol) and t-BuOH (6 mL) were mixed in a Biotage microwave vial. The vial was sealed with a Teon septum lined cap, and the mixture was then heated for 5 min at 100 C under microwave irradiation to give a homogenous clear solution.
Finely powdered molecular sieves 4A (200 mg) were placed in a microwave vial and dried by heating with a heat gun in vacuo. The t-BuOH solution of Zn(OTf) 2 (0.2 M, 5 mL, 1.00 mmol) prepared as mentioned above and compound 1 (1.00 mmol) were successively added. The vial was then sealed with a Teon septum lined cap. The mixture was stirred for 1 h at room temperature and then heated at 60 C for appropriate time.
Aer being cooled to room temperature, EtOAc (1 mL) and a saturated aqueous solution (1 mL) of the Rochelle salt were added at 0 C. The mixture was stirred at 0 C for 1 h and insoluble materials were ltered off and washed with EtOAc (50 mL) and H 2 O (5 mL). The organic layer was separated and washed with a saturated aqueous solution (10 mL) of NaHCO 3 . The aqueous layer was extracted with EtOAc (50 mL Â 2). Combined organic extracts were dried over Na 2 SO 4 and concentrated under reduced pressure to give a crude mixture of products 2, 3, and 4. The products 2 and 4 were isolated aer sulfonylation as follows. The crude mixture was dissolved in pyridine (5 mL) and then treated with benzenesulfonyl chloride (0.640 mL, 5.00 mmol) at 0 C. Aer being stirred for 10 min at 0 C and then 30 min at room temperature, the reaction was quenched by addition of a saturated aqueous solution of NaHCO 3 at 0 C.
The resulting mixture was extracted with EtOAc (100 mL) and washed with a saturated aqueous solution of NaHCO 3 (10 mL) and H 2 O (10 mL). Combined aqueous layers were extracted with EtOAc (100 mL). Combined organic extracts were washed with brine and dried over Na 2 SO 4 . Aer ltration and concentration in vacuo, the products were isolated by column chromatography.
Reaction of 1a bearing a methylester group
According to the general procedure, Zn(OTf) 2 -promoted reaction of 1a (283 mg, 1.00 mmol) was carried out. 132.2, 131.6, 128.9, 128.1, 127.4, 127.0, 123.2, 122.8, 119.8, 118.3, 112.4, 110.9, 46.3, 46.1, 24.4 5, 172.4, 157.3, 144.5, 139.7, 138.6, 129.6, 129.2, 128.21, 128.17, 126.7, 125.5, 122.2, 106.5, 68.4, 60.8, 51.1, 47.3, 43.8, 29.4, 26.9 143.7, 137.8, 128.2, 124.9, 124.2, 121.0, 105.8, 59.4, 58.6, 52.4, 44.4, 29.6, 26.4, 26 Reaction of 1d and 1e bearing an internal alkyne Reaction of 1d. According to the general procedure, Zn(OTf) 2 -promoted reaction of 1d (297 mg, 1.00 mmol) was carried out at 100 C. The resulting reaction mixture containing 4c was acetylated by addition of acetic anhydride (0.473 mL, 5.00 mmol) in pyridine (5 mL) at 0 C. Aer being stirred at room temperature, the reaction mixture was quenched by addition of a saturated aqueous solution of NaHCO 3 at 0 C. The resultant mixture was extracted with EtOAc (100 mL) and washed with a saturated aqueous solution of NaHCO 3 (10 mL) and H 2 O (10 mL). Combined aqueous layers were extracted with EtOAc (100 mL). Combined organic extracts were washed with brine and dried over Na 2 SO 4 . Aer ltration and concentration, the residue was puried by silica gel column chromatography (CH 2 Cl 2 /EtOAc, EtOAc, followed by EtOAc/MeOH) to afford 4d (143 mg, 0.562 mmol, 56% for 2 steps). 4d ( 5, 169.0, 136.9, 136.8, 136.0, 135.1, 131.1, 129.4, 129.1, 128.6, 128.0, 125.8, 125.1, 123.8, 121.9, 119.1, 118.5, 118.2, 111.9, 111.5, 110.4, 55.2, 47.7, 47.6, 45.7, 42.7, 25.3, 24.7, 23.3, 21.7 Reaction of 1e. According to the general procedure except for changing the solvent from t-BuOH to 2-BuOH, Zn(OTf) 2 -promoted reaction of 1e (371 mg, 1.00 mmol) was carried out at 80 C for 44 h. The resulting crude reaction mixture containing 4c was acetylated by addition of acetic anhydride (0.473 mL, 5.00 mmol) in pyridine (5 mL) at 0 C. Aer being stirred at room temperature, essentially identical workup protocol as described above was applied to give 4d (232 mg, 0.912 mmol, 91%).
Reaction of 1f. According to the general procedure, a solution (0.2 M) of Zn(OTf) 2 (147 mg, 0.405 mmol) in 1,2-dichloroethane (2.0 mL) was prepared in a Biotage microwave vial prior to use. To this was added nely powdered molecular sieves 4A (45.1 mg) which was preactivated by heating with a heating gun in vacuo and 1f (73.0 mg, 0.204 mmol). The vial was then sealed with a Teon septum lined cap. The mixture was stirred at 30 C for 1 h and then heated at 100 C for 4 d.
Aer being cooled to room temperature, the reaction mixture was worked-up in a similar manner to the general procedure. The resulting crude reaction mixture was acetylated by addition of acetic anhydride (0.100 mL, 1.06 mmol) in pyridine (1 mL) at 0 C. Aer being stirred at room temperature for 10 min, essentially identical workup protocol as described above was applied to give a crude mixture. This was puried by PTLC (hexane-EtOAc and then CH 2 Cl 2 -MeCN) to afford 18 (10.4 mg, 0.0291 mmol, 14% 140.0, 138.6, 136.5, 133.7, 128.8, 127.5, 126.8, 123.9, 121.9, 119.3, 118.4, 111.6, 109.1, 74.4, 55.4, 45.3, 43.1, 16.8, 14. According to the above procedure except for changing the solvent from 1,2-dichloroethane to 2-BuOH, Zn(OTf) 2 -promoted reaction of 1f (72.0 mg, 0.201 mmol) was carried out at 100 C for 24 h. The resulting crude reaction mixture containing 4c was treated with acetic anhydride (0.473 mL, 5.00 mmol) in pyridine (5 mL) at 0 C. Aer being stirred at room temperature, essentially identical workup protocol as described above was applied to give 4d (31.0 mg, 0.112 mmol, 61%).
Trapping of iminium cation IM4 via reduction with Et 3 SiH
Finely powdered molecular sieves 4A (400 mg) were placed in a microwave vial and dried by heating with a heat gun in vacuo.
The t-BuOH solution of Zn(OTf) 2 (0.2 M, 10 mL, 2.00 mmol) prepared as described above, the compound 1a (565 mg, 2.00 mmol), and triethylsilane (1.59 mL, 10.0 mmol) were successively added. The vial was sealed with a Teon septum lined cap and the mixture was stirred at 30 C for 1 h. The resulting mixture was further heated at 60 C for 3 h. Aer being cooled to rt, the reaction mixture was diluted with toluene (10 mL) and concentrated to one h of its initial volume under reduced pressure. The residue was diluted with EtOAc (20 mL) and then treated with a saturated aqueous solution (10 mL) of the Rochelle salt at 0 C. The mixture was vigorously stirred at 0 C for 1 h, and insoluble materials were ltered off and washed with EtOAc (80 mL) and H 2 O (5 mL). The organic layer was separated and washed with a saturated aqueous solution of NaHCO 3 (10 mL Â 2). The aqueous layer was extracted with EtOAc (100 mL Â 2). Combined organic extracts were washed with brine (10 mL), dried over Na 2 SO 4 , ltered and concentrated under reduced pressure to give a crude mixture of 2a and 2d. The resultant mixture was dissolved in pyridine (10 mL) and treated with benzenesulfonyl chloride (1.28 mL, 10.0 mmol) at 0 C. Aer being stirred at room temperature, the mixture was treated with a saturated aqueous solution of NaHCO 3 (10 mL).
The mixture was extracted with EtOAc (100 mL Â 3), washed with brine (15 mL 8, 140.0, 136.0, 134.0, 129.1, 123.0, 119.5, 118.8, 114.6, 111.2, 110.6, 76.9, 60.3, 58.5, 52.5, 51.8, 24.3, 16.7 
General procedure for conversion of 3 into 2b
Zn(OTf) 2 (72.7 mg, 0.200 mmol) and 2-BuOH (2 mL) was mixed in a Biotage microwave vial. The vial was sealed with a Teon septum lined cap. The mixture was heated at 100 C for 5 min to give a homogenous clear solution. Aer being cooled to rt, compound 3 (0.200 mmol) were added, and the vial was sealed again with a Teon septum lined cap. The mixture was then heated at 100 C for appropriate time. Aer being cooled to room temperature, the reaction mixture was poured into a mixture of EtOAc and a saturated aqueous solution of the Rochelle salt at 0 C. The resulting mixture was vigorously stirred at 0 C for 1 h. The organic layer was separated and washed with a saturated aqueous solution of NaHCO 3 . The aqueous layer was extracted with EtOAc. Combined organic extracts were washed with brine, dried over Na 2 SO 4 and concentrated under reduced pressure. Aer azeotropic distillation with toluene, the residue was dissolved in pyridine (2 mL) and then treated with benzenesulfonyl chloride (0.128 mL, 1.00 mmol) at 0 C. Aer being stirred at room temperature, the resulting mixture was quenched with saturated aqueous solution of NaHCO 3 and extracted with EtOAc. Combined organic extracts were washed with brine and dried over Na 2 SO 4 . Aer ltration and concentration under reduced pressure, the residue was puried by silica gel column chromatography (CH 2 Cl 2 /MeCN) to give 2b and 3. Reaction of 3a. According to the above procedure, the reaction of 3a (56.5 mg, 0.200 mmol) with Zn(OTf) 2 was conducted to give 2b (26.8 mg, 79.2 mmol, 40% in 2 steps) along with recovery of 3a (5.5 mg, 19.5 mmol, 10%).
Reaction of 3b. According to the above procedure, the reaction of 3b (71.5 mg, 0.200 mmol) with Zn(OTf) 2 was conducted to give 2b (4.1 mg, 12.1 mmol, 6% in 2 steps) along with recovery of 3b (39.6 mg, 111 mmol, 55%).
Reaction of 3c. According to the above procedure, the reaction of 3c (47.7 mg, 0.200 mmol) with Zn(OTf) 2 was conducted to give 2b (62.9 mg, 186 mmol, 93% in 2 steps).
Computational session
We have performed an initial reaction path search adopting a simplied model to reduce computational costs. In the model, the benzene ring in the indole moiety was substituted by methyl groups at the C4 and C5 positions. In the initial reaction stage, we focused only on bond reorganizations among four carbon atoms, i.e., two alkynyl carbon atoms in the propargyl moiety and indole C2 and C3 atoms, based on the reaction mechanism proposed by Wang and coworkers.
7 In this stage, the model collision energy parameter g of the AFIR method was set to 200 kJ mol À1 . The subsequent C-C bond ssion steps were studied by manually applying the articial force to specic atom pairs with g ¼ 100 kJ mol À1 . TSs for the protodezincation steps were searched by shooting t-BuOH to IM3-i or IM5-i from various random mutual positions and directions by the AFIR method with g ¼ 200 kJ mol À1 , where the OH groups in t-BuOH and Zn, and the Zn-bound alkenyl carbon atom in IM3-i or IM5-i were set as two fragments in the AFIR function. In these search jobs, DFT calculations were carried out at the RI-PBE 17 /def2-SV(P) 18 level implemented in Turbomole v.7.0.1 program.
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The AFIR paths obtained in the above calculations were optimized by the locally updated plane (LUP) method 20 to obtain initial structures for TS optimizations. From all optimized TS structures, IRC calculations were performed to see path connections. Harmonic vibrational analysis was carried out at all optimized TS and stable structures. In these jobs, DFT calculations were performed at the B3LYP 21 /Def2SVP level combined with the SMD (t-BuOH) method 22 implemented in Gaussian 09 program.
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The reaction pathways of 1a leading to 2a/3a were obtained based on corresponding paths obtained in the simplied model system. Intermediate and TS structures were reoptimized with the uB97X-D 24 /Def2SVP level with the SMD (t-BuOH) method. To identify the lowest conformation at TS, TS conformation sampling was made for intramolecular cyclization and protodezincation steps. The conformation at these TSs were systematically searched by the AFIR method with xing positions of atoms involved in each bond reorganization, at the PBEPBE/Def2-SV(P) level with the SMD (t-BuOH) method. These TSs with various conformations were re-optimized at the uB97X-D/Def2SVP level with the SMD (t-BuOH) method. All these DFT calculations were carried out with Gaussian 09 program.
Conclusions
Triggered by the incidental nding of zinc(II)-promoted activation of alkynes, we explored intramolecular hydroarylations of N-propargylated tetrahydrocarbolines to develop a versatile synthetic process for generating scaffold and functional group variations. Protic and sterically demanding alcoholic solvents such as t-BuOH dramatically accelerated the Zn(OTf) 2 -promoted annulations. Computational investigations employing the AFIR method in the GRRM strategy provided a convincing rationale: participation of t-BuOH as a proton donor plays a pivotal role in facilitating the protodezincation process. The unique combination of Zn(OTf) 2 and t-BuOH allows the protodemetallation of alkenyl zinc species under mild and almost neutral conditions without the addition of Brønsted acid promoters.
We demonstrated that the modes of the Zn(OTf) 2 -mediated cyclizations are controlled by appropriate choices of the reaction solvents and the substituents (R 1 and R 2 ) on the substrates 1a-f. Divergent annulations involving two kinds of ringexpansion reactions and two dearomatizing spirocyclizations were systematically employed to gain programmable access to four distinct scaffolds: azepino [4,5-b] indole 2, spirocycle 3, azocino [5,4-b] indole 4, and spirocyclic 5. Zn(OTf) 2 -mediated annulations of substrates 1a-c bearing a terminal alkyne group allow divergent cyclizations between an internal alkyne carbon with either the indole C2 or C3 position to effect 7-exo cyclizations or 6-exo spirocyclizations, respectively. Notably, this study revealed that 6-exo dearomatizing spirocyclizations of 1c resulting in formation of a quaternary center is a kineticallyfavored pathway. Furthermore, treatment of the spirocyclic products 3a-c with Zn(OTf) 2 under thermodynamic conditions can cause cascade reactions via migration of the alkenyl group and concomitant retro-Mannich-type fragmentation. Subsequent hydrolysis of the resulting iminium cation leads to irreversible formation of the azepino [4,5-b] indole scaffold 2a. The R 1 substituents (Me, CO 2 Me, CONHBn) of substrates 1a-c were shown to greatly inuence the susceptibilities of substrates for the irreversible reaction leading to 2a at elevated temperature. In this cascade process, Zn(OTf) 2 could play key roles not only in the hydroarylation reaction (by activating the alkyne as a "pacid") but also on alkenyl migration as a Lewis acid promoter for the imine group. In contrast to substrates 1a-c which have a terminal alkyne and were converted to 2a and 3a, Zn(OTf) 2 -mediated annulations of substrates 1d-f, which have an internal alkyne, preferentially proceeded through the 8-endo ring expansion reaction to afford azocino [5,4-b] indole 4a in good yield. Furthermore, substrate 1f was demonstrated to affect the intriguing a-alkenylation of the carbonyl group to forge the tetracyclic scaffold 18 containing a quaternary carbon center and a trisubstituted olen. These experimental ndings underscore that Zn(OTf) 2 -mediated activation of alkynes provides relatively unexplored but versatile synthetic methodologies for the direct and exible synthesis of skeletally diverse and densely-functionalized alkaloidal scaffolds reminiscent of natural products. The articial force induced reaction method allows comprehensive discussion of transition states and could offer both rational and unanticipated guidelines for designing divergent reactions. Integration of synthetic strategies for generating skeletal variations with a systematic computational approach for identifying unforeseen reaction pathways could provide a new route for advancing the combinatorial chemical synthesis of functional molecules.
